The radii and tidal deformabilities of neutron stars are investigated in the framework of relativistic mean-field (RMF) model with different density-dependent behaviors of symmetry energy.
I. INTRODUCTION 32], etc.
The neutron star is composed of neutron-rich matter, where the symmetry energy E sym from the isospin effect of nucleons plays a very important role in determining the behaviors of EoS at high density and the structure of neutron star [33] [34] [35] . Its density-dependent tendency, the slope of symmetry energy L, is also a significant quantity to study the isospin difference of nuclear system and is strongly related to the neutron skin thickness of finite nuclei [36] . However, there is still no efficient method to restrict the symmetry energy at high density until now. On the other hand, the information of tidal deformability from the binary neutron star can provide a powerful tool to obtain a reasonable density-dependent behavior of symmetry energy. In 2013, Fattoyev et al. calculated the tidal polarizability of neutron star with different RMF interactions and found that the tidal polarizabilities were very sensitive to the symmetry energy at high density [18] . Recently, the neutron skin thickness of 208 Pb was also constrained by the tidal deformation [24] . Furthermore, Malik et al. used 18 RMF parameter sets and 24 SHF parameter sets, which can reproduce the ground-state properties of finite nuclei very well and support the existence of neutron stars with 2M ⊙ , to examine the correlations between tidal deformability and various nuclear saturation properties [26] .
The crust of neutron star, as the non-uniform matter, is also strongly influenced by the symmetry energy and its slope. To discuss the effect of symmetry energy slope on the crust structure, we constructed parameter sets based on the TM1 interaction of RMF model [37] . In fact, the TM1 interaction has been widely applied to the studies of nuclear many-body systems and astrophysics, which achieved great successes due to its high density behaviors well constrained by relativistic Brueckner Hartree-Fock model. It also describes the properties of finite nuclei and the isoscalar properties of nuclear matter very well [38] .
However, the TM1 interaction predicts rather large symmetry energy, which seems to be inconsistent with current constraints. This implies that the isovector part of the original TM1 parameterization need to be improved, which can be realized by introducing some higher order couplings among the mesons (see, for instance, Refs. [39, 40] ). In these family TM1 parameterizations, the isoscalar saturation properties, e. g., saturation density, binding energy, and incompressibility, were kept and the symmetry energy was fixed at subsaturation density, ρ B = 0.11 fm −3 , while the slopes of symmetry energy at saturation density were chosen as different values from 40 MeV to 110.8 MeV through introducing an additional coupling term between ω meson and ρ meson. In this case, the ground-state properties of finite nuclei are almost unchanged for different L. With the family TM1 interactions, the neutron drip density, the composition of the crust, and the phase transition of pasta phase were found to be strongly correlated with the slope of symmetry energy [41] .
The present study is aimed to possible improvement of the EoS table for core-collapse supernova simulations, which covers wide ranges of temperature, proton fraction, and baryon density (see Table 1 in Ref. [42] ). It is a difficult task to construct a complete EoS over the whole range, since various phases exist at different thermodynamic conditions and the description of phase transitions is very complicated. Therefore, available EoSs for numerical simulations of core-collapse supernovae are quite limited so far. The most commonly used EoSs in supernova simulations are the Lattimer-Swesty EoS [43] , which employed a compressible liquid-drop model with Skyrme force, and the Shen EoS [42, 44, 45] , which used a Thomas-Fermi approximation based on the RMF model with the TM1 parameterization.
Both EoSs adopted the so-called single nucleus approximation (SNA), in which only a single representative nucleus is considered instead of the distribution of nuclei. Recently, a few EoS tables were developed beyond the SNA by considering the full distribution of nuclei in nuclear statistical equilibrium using several RMF parameterizations [2, [46] [47] [48] [49] .
It is important for astrophysics community to provide the basic information of the family TM1 parameter set since it has been routinely used for many astrophysical simulations as the benchmark. In the last two decades, the Shen EoS table has been widely adopted in astrophysical simulations, such as core-collapse supernovae, proto-neutron star cooling, and black hole formation [50, 51] . It has been used for the construction of the supernova neutrino database for the prediction of supernova neutrino burst events and diffuse supernova neutrino background by Nakazato and Horiuchi. Furthermore, several extended versions of the Shen EoS table were developed by including extra degree of freedoms as pions, hyperons, and quarks at high densities [52] [53] [54] . In the Shen EoS, both uniform matter and nonuniform matter employ the same nuclear interaction (TM1), so that resulting thermodynamic quantities are consistent and smooth in the whole range, which is important for performing numerical simulations.
It is now the transitional era for the widely used supernova EoS table with the TM1 parameter set due to the new observations. It has been noticed that the symmetry energy and its slope in the TM1 model seem to be too large compared with the current constraints from neutron star observations. The EoS with the TM1 interaction provides rather large neutron star radius, which is inconsistent with the extracted value from X-ray observations [2, 49] .
Furthermore, the detection of gravitational wave from neutron star merger GW170817 provides new constrains on the tidal deformability, which is also related to a small neutron star radius. It is well known that there exists a positive correlation between the neutron star radius and the symmetry energy slope L [55, 56] . By choosing a modified version of the TM1 model with a small value of L, it is suitable to improve the description of neutron stars to be compatible with observational constraints. Meanwhile, the properties of finite nuclei can be satisfactorily reproduced as in the case of the original TM1 model. Therefore, the extended TM1 model with a smaller L is considered as a candidate for improving the Shen EoS table and keeping good descriptions of nuclei. To guide the choice of the slope parameter L, we intend to calculate the properties of neutron stars using the family TM1 parameterizations and compare the predictions with recent observations. This analysis of change in the family TM1 parameter sets is important for the reevaluation of the large scale simulations performed so far and for the prediction of new simulations of supernovae and neutron star mergers with the improved interaction. Furthermore, we perform a similar calculation using the family IUFSU parameterizations so as to check the model dependence of our results.
In this paper, various properties of neutron stars, especially the tidal deformability will be calculated using two family parameterizations with different slopes of symmetry energy.
The correlations between the slope of symmetry energy and the properties of neutron star will be examined with the same isoscalar saturation properties. This paper is arranged as follows. In section 2, the fundamental formulas will be shown. The numerical results and essential discussions will be given in section 3. Finally, the conclusion will be presented in section 4.
II. THE RELATIVISTIC MEAN-FIELD MODEL FOR NEUTRON STAR AND TIDAL DEFORMATION
The core region of neutron star can be considered as the uniform nuclear matter composed of mostly neutrons with a slight mixture of protons and leptons. In the supernova core, hot and dense matter is a mixture of neutrons, protons, leptons, photons, and nuclei with uniform and non-uniform distributions. In order to evaluate the thermodynamical properties of supernova matter, the RMF model at finite temperature is utilized [42, 45] . In this work, we concentrate on the neutron star matter to provide the basic information and prepare for its applications to supernovae and neutron star merger. Although there is a possibility to have hyperons or quark degrees of freedom, we study here in the RMF model without strangeness particles. The RMF model describes the effective nucleon-nucleon interaction through exchanging the intermediate mass mesons, like σ, ω, and ρ mesons. The RMF model has already achieved a lot of successes to investigate the properties of infinite nuclear matter and finite nuclei. There were hundreds of RMF parameter sets obtained from different points of view [39] . Here, we would like to adopt the following RMF Lagrangian based on TM1 interaction [38] , which is used to construct the series of Shen EoS tables,
are the antisymmetric field tensors of ω and ρ mesons. The coupling term between ω meson and ρ meson is introduced to control the density-dependent behaviors of symmetry energy with different Λ V values, which was firstly proposed in RMF model by Horowitz and Piekarewicz [40] . We are applying this extension to update the Shen EoS table [68] .
With the Euler-Lagrangian equation, the equations of motion of nucleon and mesons are obtained,
These equations can be solved self-consistently in terms of mean-field approximation and no-sea approximation [57] [58] [59] . Furthermore, in a uniform system, the spatial derivatives of nucleon and mesons must be vanished. There are only the time components of mesons due to the rotational invariance. The energy density and pressure are the most important input in the study of neutron star, which can be generated by the energy-momentum tensor [60] ,
where φ i denotes the nucleon and various mesons. Finally, the energy density can be written as [61] ,
Here, the time components of ω and ρ mesons are simply expressed as ω and ρ. The ρ B is the baryon density of nucleon. The corresponding pressure is
The symmetry energy of nuclear matter is defined as,
where δ is the isospin asymmetry δ = (ρ n B − ρ p B )/(ρ n B + ρ p B ). The symmetry energy can be derived as an analytic expression [39] ,
k F is the Fermi momentum of symmetric nuclear matter. Its slope is given as,
In this work, the core of neutron star is considered as the constituents of neutron, proton, electron, and muon, which should satisfy the charge neutrality and β equilibrium to generate a stable structure. Their chemical potentials are constrained by the following equations [61] ,
The chemical potentials of nucleons and leptons are related to their Fermi surfaces at zero temperature,
where i = n, p and l = e, µ. The charge neutrality requires that the proton density is equal to the one of leptons,
The pressure and energy density will be obtained as a function of nucleon density under the constraints of Eqs. (10) and (12) . They are put into the TOV equation proposed by Tolman, Oppenheimer, and Volkoff to derive the properties of neutron star [8, 9] ,
where, c is the light speed. P (r) is the pressure at radius r and M(r) is the total mass inside a sphere of radius r of neutron star.
The dimensionless tidal deformability of neutron star is defined as [16] ,
where C = GM/Rc 2 is the compactness parameter. R and M are the neutron star radius and mass, respectively. The dimensionless quadrupole tidal Love number k 2 is given by
The quantity y R is the value of a function y(r) at neutron star radius R. The function y(r)
is the solution of a first-order differential equation for y [15] ,
with the boundary condition y(0) = 2. The functions F (r) and Q(r) are related to energy density, pressure, and neutron star mass,
and
On the other hand, the speed of sound in dense matter, v s is relevant to the derivative of pressure, P (r) with respect to energy density, ε(r),
III. THE RESULTS AND DISCUSSIONS
To study the effect of symmetry energy on the properties of neutron-rich system, the family TM1 parameter sets were obtained by refitting the isovector coupling constants in Lagrangian (1), g ρ and Λ V , with different slopes of symmetry energy at saturation density as L = 40, 50, . . . , 100 MeV to compare with the original value from TM1, L = 110.8 MeV.
Another constraint is that all of the symmetry energies at a subsaturation density ρ B = 0.11 fm −3 in these family sets were fixed as E sym = 28.05 MeV, which can minimize the influences on the binding energies of finite nuclei [37] . The symmetry energy as a function of density ature, which was calculated within the Thomas-Fermi approximation in the framework of original TM1 parameter set [42, 44, 45] . In this work, the effects of symmetry energy on neutron star properties are concentrated in discussing the uniform matter. The influences of symmetry energy including the non-uniform matter will be separately reported later. The In Fig. 3 , the proton fractions of uniform neutron star matter are shown as functions of nucleon density with family TM1 sets. They have the similar L-dependent behaviors with the symmetry energy. Y p increases with L. At high density, they become saturated due to the β-equilibrium. Actually, the proton fraction is approximately in proportion to the cube of symmetry energy for the free Fermi gas in neutron star [1] . Furthermore, the magnitude of proton fraction is very important to determine whether the neutrino cooling process of neutron star, i. e. the direct Urca (DU) process occurs or not. Therefore, in the present framework, the threshold density of DU process is strongly dependent on the L. When the muon appears in neutron star, the threshold of DU process is also determined by the muon fraction due to the momentum conservation. In this work, the DU process happens starting To obtain the Love number k 2 , we need not only the EoSs but also the derivative of pressure respect to energy density, ∂P/∂ε, which is related to the speed of sound in nuclear matter, ∂P/∂ε = (v s /c) 2 . In Fig. 4 , the speeds of sound in nuclear matter with different slopes of symmetry energy are shown as functions of pressure. At low density region, the speed of sound quickly increases and the EoS with smaller L has higher v s . Its growth rate slows down as the density increases. Finally, it becomes saturated, whose value is around 0.6c. It demonstrates that the pressure and energy density at high density has a linear relation approximately. Furthermore, our EoSs satisfy the requirement of relativity theory at high density, while many EoSs from the non-relativistic framework will lead to very large speed of sound at high density and even exceed the light speed [26] . are 11.9 ± 1.4 km at the 90% credible level [14] . Many other works also indicated R 1.4 should be smaller than 13.5 km with the constraint of GW170817 [23, 62] in addition to the constraints from X-ray observations [63] . The original TM1 parameter set with large L used for the Shen EOS table is claimed to be excluded by the observational data of radii in the multi-messenger era, therefore, the revision of interaction for the improvement of the Shen EOS with a smaller L is preferred based on the current results of family TM1 parameter set.
In Fig. 6 , The relation between the radius of neutron star at 1.4M ⊙ , R 1.4 , and the slope of symmetry energy in the family TM1 parameterizations is plotted in Fig. 7 . R 1.4 has a significant linear correlation with the slope of symmetry energy, L. The radius can be expressed as other works [22, 24] .
The Love number, k 2 is obtained by solving the Eq. (16), which is determined by the EoS of neutron star matter and its speed of sound. In Figs. 8 and 9 , the Love number is shown as a function of neutron star mass and compactness parameter, C, respectively with different slopes of symmetry energy. The Love number increases at small neutron star mass, arrives at the maximum value around 0.7 − 0.8M ⊙ , and reduces rapidly in the larger mass region.
Its maximum value is obviously L-dependent, which is about 0.13 for the original TM1 set with L = 110.8 MeV and becomes 0.07 in the case of L = 40 MeV, while the Love numbers are very small and quite similar with different L corresponding to smaller or larger neutron star masses. In general, the compactness parameter C increases with neutron star mass, however, y R has opposite trend from the numerical calculation. Therefore, the behavior of In Fig. 11 , the relation between tidal deformability at 1.4M ⊙ and the slope of symmetry energy, L is shown within the family TM1 parameter sets. There is also a linear correlation between them, where Λ 1.4 = 208.23 + 7.16L with a correlation coefficient R = 0.982. Actually, in the work of Lim and Holt, the Bayesian analysis method also supported an analogous conclusion with the EoSs from the chiral effective field theory [22] .
Similarly, the Λ 1.4 is linearly dependent on the radius of neutron star at 1.4M ⊙ , R 1.4 , plotted in Fig. 12 , because of the linear correlation between R 1.4 and L in Fig. 7 correlation between R 1.4 and Λ 1.4 was considered as a power exponent function. Note that those works have been made using a collection of various interactions with different forms.
Therefore, it is necessary to discuss the properties of neutron star in a systematic manner under controlling. This relation with Λ 1.4 < 800 leads to a constraint on neutron star radii R 1.4 < 13.6 km in the models for family TM1 parameter set.
The chirp mass M = (m 1 m 2 ) 3/5 (m 1 + m 2 ) −1/5 for GW170817 event, was observed as 1.188M ⊙ , where m 1 and m 2 are the masses of binary neutron star merger, respectively [10] .
The precise values of m 1 and m 2 cannot be determined solely by the gravitational-wave signal in this case. Therefore, a high-mass component, m 1 is assumed to be in the range Fig. 13 with different slopes of symmetry energy, L with dot-dashed lines. The 50% and 90% credible levels of tidal deformability from the latest analysis of GW170817 event for the low-spin prior by LIGO and Virgo collaboration are denoted as dashed and solid curves, respectively [14] .
The present 90% confidence limit is lower than the one in the first analysis by LIGO and Virgo collaboration and prefers a softer EoS. With these constraints, the slope of symmetry energy, L should be smaller than 60 MeV in the TM1 family parameter set. The original TM1 set is excluded due to its larger L. However, the improved version of TM1 with L = 40
MeV satisfies the constraints and can be used for supernovae and neutron star mergers.
Implications of the allowed range of small value of L are helpful to consider nuclear and astrophysical applications of the RMF model. A small value of L = 40 MeV, for example, means small symmetry energies at high densities. This is consistent with the recent evaluation of symmetry energy at 2ρ 0 [64] . The small value of L leads to small proton fractions inside neutron stars and hinders a possibility of Direct Urca process as seen in Fig. 3 . The symmetry energy at sub-saturation density is slightly larger than that in the original TM1 case and the behavior of neutron matter becomes close to those in microscopic approaches. The properties of inner crust and pasta phase of neutron stars are accordingly affected [37, 65] . The neutron drip density becomes low and the appearance of pasta phase is enriched. It is expected that different density-dependence of symmetry energy may affect the cooling of proto-neutron stars [66, 67] .
The systematic feature of neutron stars found in the family TM1 parameter sets provides us with the guidance to improve the supernova EoS. The Shen EoS with the original TM1 parameter set has a large value of L and leads to too large values for the neutron star radius and tidal deformability. We can remedy these problems by choosing a value of L smaller than 60 MeV. Note that the behavior of symmetric nuclear matter is exactly the same and the maximum neutron star mass remains similar. We recently constructed the table of EoS for supernova simulations with an improved TM1 parameter set with L = 40
MeV [68] . Astrophysical applications of the dense matter at finite temperature with the improved TM1 parameter set have been made [69] and will reported elsewhere.
In order to check the model dependence of the correlations obtained above, we perform a similar calculation using another family parameter sets, IUFSU. The original IUFSU model [70] was proposed to overcome a smaller neutron-star mass predicted by the FSU model, and meanwhile it could keep an excellent description of ground-state properties of finite nuclei. In Ref. [37] , two family parameterizations, IUFSU and TM1, were generated by refitting the isovector coupling constants, g ρ and Λ V , to achieve different density-dependent behaviors of symmetry energy. These family RMF parameterizations are useful for examining the correlations between the symmetry energy slope and neutron star properties. In In Figs. 15-17 , the relations about the slope of symmetry energy, L, the radius and tidal deformability of neutron star at 1.4M ⊙ , R 1.4 -L, Λ 1.4 -L, and Λ 1.4 -R 1.4 , from the family IUFSU parameter sets are plotted and are compared to those from TM1 parameter sets, respectively.
All of them satisfy the linear relations very well, which are consistent with the conclusions from family TM1 parameter set as we discussed before. Here we emphasize again that these linear relations have the significant differences with other investigations relevant to Λ 1.4 -R 1.4 , where tidal deformability was written in a power function as, Λ 1.4 = aR α 1.4 [24, 26] . The MeV for family IUFSU parameter sets.
possible reason is that they discussed this relation with a collection of different theoretical frameworks and model parameters. In that case, it is very difficult to control the invariance of isoscalar properties of nuclear matter. The tidal deformabilities from family IUFSU parameter sets are shown in Fig. 18 together with the constraints from the GW170817 event. It can be found that the slopes of symmetry energy below 80 MeV in family IUFSU sets are preferred by the gravitational-wave obser- 
IV. CONCLUSIONS
The properties of neutron star, such as mass, radius, and tidal deformability were investigated in the framework of relativistic mean-field (RMF) model. To study the effect of symmetry energy on neutron star, a coupling term between ω and ρ mesons was introduced in the Lagrangian of RMF model with TM1 parameter set. The coupling constants related to ρ meson were refitted by a fixed symmetry energy at sub-saturation density and different values of slope parameter L of symmetry energy at saturation density, while the other coupling constants remain the same as original TM1 in order to keep the isoscalar saturation properties of nuclear matter satisfying the empirical data as well as good properties of nuclei. Therefore, the family TM1 parameter sets are suitable to assess different density-dependent behavior of symmetry energy.
This study is aimed to provide basic properties of neutron stars in the extended RMF model with the TM1 parameter set, which is used for the equation of state for supernova simulations. Although the Shen EoS with the original TM1 parameter set has been widely used in astrophysical simulations, recent astronomical observations on neutron star radii are putting constraints on the symmetry energy, which was determined with the limited knowledge at the time of determination. The symmetry energy in the original TM1 parameter set has been claimed too large and there is a room to improve the isovector part of interaction. We would like to revise the TM1 parameter set for the improvement of supernova EoS while keeping good properties of nuclear matter. Therefore, we explore variations of the slope of symmetry energy for the preparation of supernova EoS. The information of this analysis is used for astrophysical community to prepare new simulations with the family TM1 parameter sets.
In this work, we discussed the symmetry energy effects on the properties of neutron star with the family TM1 parameter sets. The equations of state (EoSs) of neutron star matter with nucleon and lepton under β equilibrium and charge neutrality conditions were taken into the TOV equation to obtain the properties of neutron star. The radii at intermediate mass region, like 1.4M ⊙ , are largely impacted by the change of the slope of symmetry energy in the RMF model. A smaller value of slope parameter L generates a smaller radius of neutron star at 1.4M ⊙ . By changing the slope parameter in the family TM1 parameter sets, we can reduce the radius while keeping the maximum mass. Since the neutron star radius of Shen EoS is claimed too large, the current study suggests that the modified TM1 with a small L value is suitable for the improvement of supernova EoS. Furthermore, the radius R 1.4 is found to have a strong correlation with the slope of symmetry energy by using the family TM1 parameter sets in this work. This is well in accord with the previous studies showing the correlation in other frameworks of EoSs.
The tidal deformability of neutron star is an important quantity in the binary neutron star merger, which can be extracted by the gravitational-wave detector. We evaluated the tidal deformability by solving the first-order differential equation with the speed of sound in nuclear matter. The magnitude of tidal deformability, Λ, is found to have a strong dependence on the slope of symmetry energy. There is a linear correlation between the tidal deformability at 1.4M ⊙ , Λ 1.4 and the slope of symmetry energy. The Λ 1.4 and R 1.4 has a similar linear relation as well. With the constraint of latest data analysis from the GW170817, the slope of symmetry energy at nuclear saturation density, L should be smaller than 60 MeV in the family TM1 parameter sets from the tidal deformability of neutron star. This provides us with the guidance to adopt a small value of L for the improvement of supernova EoS. Accordingly, we will study the supernova matter at finite temperature with a revised TM1 interaction in the coming works [68] and its astrophysical applications [69] including the neutron star merger.
To check the model dependence of the correlations obtained in the family TM1 parameter sets, we also performed a similar calculation using the family IUFSU parameter sets. It was found that the correlations between the symmetry energy slope with the radius and tidal deformability at 1.4M ⊙ have very similar linear relations as the case of TM1.
There are caveats and extensions that need further studies in the current work. In the neutron star models, the EoS of crust region was fixed with the one from the original TM1 set. It would be better to investigate neutron star properties with a unified EoS, where both of crust and core regions are described by the family TM1 parameterizations with different L. The corresponding extension of Shen EoS table at finite temperature case and its applications to supernovae are also underway. 
